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Abstract 

The evidence bea r ing  on the d e t e r m i n a t i m  of 

l u n a r  sma l l - sca l e  topography is  c r i t i c a l l y  examined. 

It I s  shown t h a t  n e i t h e r  the concept of a l a r g e l y  smooth 

l u n a r  s u r f a c e  ( i n  the centimeter-meter s i z e  Pange) nor  

the c m c e p t  of a l a r g e l y  rough l u n a r  s u r f a c e  ( i n  the 

same s i z e  range)  is demonstrably c o r r e c t .  However, s i n c e  

a t  least  as good a n  argument can be made f o r  a rough moon 

as f o r  a smooth moon, It i s  urged tha t  the  smooth moon 

concept be dropped i n  f a v o r  of a more conse rva t ive  model 

f o r  des ign  purposes ,  



SMALL-SCALE LUNAR TOPOGRAPHY 

1.0 INTRODUCTION 

Possibly the most s i g n i f i c a n t  aspec t  of the lunar  

environment, f o r  manned and unmanned landings,  is the 

small-scale surface r e l i e f  which may be encountered i n  

the touchdown a r e a ,  It would, therefore ,  be very desirable 

t o  be able t o  p red ic t  the nature  and d i s t r i b u t i o n  of 

marial small-scale r e l i e f  on the basis of ou r  present  

information. I n  f a c t ,  such predic t ions  have been and 

continue t o  be "confidently" made. It is the purpose of 

t h i s  paper t o  evaluate  the da ta  and assumptions upon 

which these predic t ions  are based. 

2.0 ARGUMENTS FOR A SMOOTH MOON 

There are two approaches t o  the conclusion tha t  

the lunar  surface is e s s e n t i a l l y  smooth ( i . e .  contains  

only a small percentage of p i t s ,  protuberances, e t c .  i n  the 

cent imeter  t.o meter s i z e  range) .  

i n t e r p r e t a t i o n  of the radar data ind ica t e s  t ha t  the moon 

behaves more o r  less  as a smooth sphere f o r  radar wave- 

lengths  down t o  3 em. Given t h i s  i n t e rp re t a t ion ,  it is  

poss ib le  t o  evoke a number of reasonable processes which 

would r e s u l t  i n  such a configurat ion.  Conversely, it 

has been argued tha t  a considerat ion of our  present  know- 

ledge of l una r  processes, the lengths of time during which 

First, the prevalent  
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these processes  have operated,  and t h e i r  e f f e c t i v e  o p e r a t i o m 2  

rates ,  leads t o  the i n e v i t a b l e  conclusion t ha t  a t  l eas t  

the l u n a r  maria are smooth, i n  the sense  de f ined  above. 

The radar data, then, merely s u b s t a n t i a t e s  t h i s  independent 

conclus ion .  

2.1 Radar Data 

It i s  beyond the scope of  t h i s  r e p o r t  t o  d i s c u s s  the 

pros and cons of the radar argument i n  any d e t a i l .  S u f f i c e  

it t o  s a y  there is  s t i l l  cons iderable  doubt connected 

with the i n t e r p r e t a t i o n  of radar r e t u r n s ,  because of the 

necessary  s i m p l i f i c a t i o n s  and assumptions which must be 

made and the almost  complete l a c k  of any empirical sub- 

s t a n t i a t i o n ,  It would, i n  f a c t ,  appear that  the t h e o r e t i -  

cal  n a t u r e  of the radar c a l c u l a t i o n s  and the ambigu i t i e s  

p r e s e n t  i n  the work t o  da te  make it unwise t o  base the 

argument f o r  a smooth l u n a r  s u r f a c e  s o l e l y  on the radar 

data a t  t h i s  t i m e . *  

' 

2.2 Processes  Argument f o r  a Smooth Moon 

It is p o s s i b l e  t o  argue t ha t  the formation of the 

lunar maria r e s u l t e d  i n  a more o r  less uniform s u r f a c e  

which displayed few i r r e g u l a r i t i e s  of any s i z e  and tha t  

subsequent  processes  have introduced l i t t l e  i f  any 

,* For  an a n a l y s i s  of radar data and its p o s s i b l e  i n t e r -  
p r e t a t i o n s ,  see the accompanying Bellcomm r e p o r t  by 
W.B. Thompson e n t i t l e d  "Lunar Radar S tud ie s  ." 
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a d d i t i o n a l  roughness. But t h i s  is a r a t h e r  naive argument, 

f o r  it assumes (among o ther  t h ings )  an o r ig in  which gives  

r i se  t o  uniformly smooth sur faces  and a knowledge of said 

o r i g i n .  The former i s  unl ike ly  and the l a t t e r  is n o t  t r u e .  

A more compelling argument, s u p e r f i c i a l l y ,  runs as 

follows: The lunar  maria are very old,  probably 4.5 x 

10 9 years o ld ,  During t h i s  time, the primary agent of 

sur face  modification has been me teo r i t i c  i n f a l l .  The 

meteor i t ic  i n f a l l  is heavi ly  dominated by small p a r t i c l e s ,  

s o  tha t  the n e t  e f f e c t  of t h i s  bombardment w i l l  be t o  

smooth out  the marial surface by c u t t i n g  down the topo- 

graphic highs and f i l l i n g  i n  the topographic lows with 

eroded material. The a c t u a l  accre t ion  of f i n e  meteoric 

material may a l s o  he lp  smooth the sur face .  Now, i f  we 

ca l cu la t e  the r a t e  of erosion of an unprotected body i n  

space from the observed me teo r i t i c  f l u x  i n  the v i c i n i t y  

of the earth-moon system, we f i n d  t h a t  the marial sur faces  

I 

must have experienced enough erosion over 4.5 x 10 9 years  

t o  remove a layer  of material tens  of meters th ick .  Since 

any reasonable process which we can v i sua l i ze  f o r  marial 

formation could nat.have produced much small-scale r e l i e f  

greater than 10-20 meters ( a t  the outs ide) ,  any o r i g i n a l  

roughness has by th i s  time been almost completely eradi- 

cated. 

I n  the following discussion,  each major po in t  of the 

above argument is i so l a t ed ,  e x p l i c i t l y  s ta ted ,  and c r i t i c a l l y  

examined. 
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The maria are 4.5 x 10' years o ld .  

A reasonably representa t ive  cross-sect ion of estimates 

of marial ages shows the following spreadr 

Kuiper ( 2 )  - Estimates the maria are 4.5 x lo9 years 

- old .  

i t es  and the ear th  i t s e l f  i n  a deries of papers well 

known t o  geophysicists ... The conclusion tha t  the 

a s t e r o i d s  were pa r t ly  molten and s o l i d i f i e d  about 

4.5 x lo9 years ago i s  based on much geochemical and 

astronomical evidence .I' However, even assuming that 

the ages assigned t o  meteori tes ,  a s t e r o i d s  and the 

earth i t s e l f  are co r rec t ,  there is no necessary 

connection between these events  and marial formation. 

His evidence is "based on the da t ing  of meteor- 

Urey ( 3 )  - Believes t h a t  the maria were a l l  formed 

i n  a very s h o r t  per iod of t i m e ,  ea r ly  i n  the h i s t o r y  

of the solar  system (presumably&& x l o9  years ago).  

He  bases th i s  bel ief  on the supposi t ion that  "The 

moon was captured by the Earth early i n  the h i s t o r y  

of the s o l a r  system ... Shor t ly  a f t e r  i ts  eapture by 

the Ear th  it was in t ens ive ly  bombarded f o r  a s h o r t  

I 

~ beriod of time. The ob jec t s  which f e l l  on the moon 
C )  

J a t  t ha t  t i m e  were s a t e l l i t e s  of the Earth and f e l l  

wath moderate v e l o c i t i e s  ." This bombardment l e d  t o  

the formation of most of the luna r  surface f e a t u r e s  

v i s i b l e  today, including the maria. 

.-- 
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F i e l d e r  ( 4 )  - Says t h e  c o n t i n e n t s  a r e  s i x  t imes o l d e r  

than the maria .  H i s  evidence is  a vague r e f e r e n c e  

t o  c r a t e r  count ing (most  a u t h o r i t i e s  agree  t h a t  t he  
age of the moon a s  a p l a n e t a r y  body i s  4-5 x 10 9 

y e a r s ,  s o  i f  c o n t i n e n t s  were formed very e a r l y ,  F i e l d e r  

would claim the  maria were formed somewhat l e s s  than 

1.09 y e a r s  a g o ) .  

Khabakov (5)  - Estimates t h e  maria a r e  very  young -- 
on the  o r d e r  of t e n s  of m i l l i o n s  of yea r s  o l d .  H i s  

e s t i m a t e  i s  based on d e r i v i n g  the  e n t i r e  h i s t o r y  of 

the moon, mainly by well-known geologic  methods such 

a s  the p r i n c i p l e  of s u p e r p o s i t i o n .  I n  t h i s  r e l a t i v e  

sequence, mar i a l  formation i s  only followed by the 

most r e c e n t  per iod  i n  the  l u n a r  h i s t o r y .  Thus by 

e s t i m a t i n g  the  l e n g t h  of time t h a t  the most r e c e n t  

per iod  encompasses, he can e s t ima te  t h e  t e rmina t ion  

of the per iod  of mar i a l  development. 

Shoemaker ( per sona l  communication ) -. Est imates  the 

maria a r e  4.5 x lo9 yea r s  o l d .  H i s  e s t i m a t e  is  based . 
on determining the  i n f a l l  rate f o r  larger c r a t e r s  

( >  1 Km) on t h e  l u n a r  maria,  l a r g e l y  by e x t r a p o l a t i n g  

from Browncs de te rmina t ion  ( 6 )  of t h e  f l u x  of sma l l e r  

m e t e o r i t e s  (from observed t e r r e s t r i a l  f a l l s ) ,  and 

mul t ip ly ing  by an a p p r o p r i a t e  f a c t o r  t o  compensate f o r  

the  l e s s e r  l u n a r  g r a v i t y  (which depends on the  assumed 

me teo r i t e  v e l o c i t y ) .  He t h e n  coun5s mar i a l  c r a t e r s  
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and assuming a r e l a t i v e l y  c o n s t a n t  i n f a l l  ra te  ove r  
the l a s t  4 x 10 9 years,  he can c a l c u l a t e  the age r r o m  

h i s  p r e v i o u s l y  determined i n f a l l  r a t e .  

a p i k  (7 )  - Es t ima tes  the maria are  4.5 x lo9 years 

o l d .  This  estimate i s  based on marial c r a t e r  counts  

and an  i n f a l l  r a t e  de r ived  i n  a manner s imi la r  t o  t ha t  

a t t r i b u t e d  t o  Shoemaker i n  the preceding  paragraph. 

- 

Baldwin (8)  - Sugges ts  ' I . . .  the l a v a  f l o w s  (of  the 

mar i a )  may be hundreds of m i l l i o n s  of y e a r s ,  o r  

even b i l l i o n s  of y e a r s  younger than  the e a r l i e s t  

observable  s u r f a c e  markings .'I T h i s  sugges t ion  is  based. 

on the assumption of a cont inuous d e c l i n e  i n  the 

r a t e  of i n f a l l  t o  the moon ... and is  i n  be t t e r  agree- 11 

ment wi th  reasonable  thermal h i s t o r i e s  of the moor] 

such as have been developed by MacDonald ..." 

9 The estimate of 4.5 x 10 years f o r  marial ages 

n e c e s s i t a t e s  a very  high m e t e o r i t e  f l u x  before marial for- 

mation, an  a b r u p t  drop  i n  t h i s  f l u x  immediately b e f o r e  

o r  du r ing  marial format ion  and  a much lower,  approximately 

c o n s t a n t  f l u x  from marial format ion  t o  the p r e s e n t  time. 

Baldwinrs assumption of Ira cont inuous d e c l i n e  i n  ra te  of 

i n f a l l  t o  the moon" leads t o  a younger age f o r  the ?ar ia .  

To complete the sequence, i t  should a l s o  be po in ted  ou3 

t ha t  i f  the  meteori te  f l u x  has Seen approximately c o n s t a n t  

s i n c e  the f i rs t  impacts on the moon, then the  maria mus'; 
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be only  1/30 a s  o ld  a s  the c o n t i n e n t s  ( s i n c e  f o r  every  

c r a t e r  of a g iven  s i z e  on the maria t h e r e  a r e  30 c r a t e r s  

of t he  same s i z e  on the c o n t i n e n t s ,  r e f e rence  9 ) .  This  

l e a d s  t o  an e s t i m a t e  of 1-2 x 10 y e a r s  f o r  t he  age of 

t h e  maria. O f  course ,  a l l  the es t imated  ages based on 

c r a t e r  counts  might have t o  be r e v i s e d  downward if a 

s u b s t a n t i a l  percentage of l u n a r  c r a t e r s  were found t o  be 

vo lcan ic  rather than  m e t e o r i t i c  i n  o r i g i n .  

8 

To summarize then,  t h e r e  does n o t  seem t o  be any 
compelling reason f o r  b e l i e v i n g  the maria a r e  4.5 x 10 9 

yea r s  o l d .  What evidence e x i s t s  is f a r  from conclusive 

and the p o s t u l a t e d  ages a r e  l i t t l e  more than  personal  

op in ions .  Under these  circumstances,  i t  is r a t h e r  s u r -  
p r i s i n g  that  4.5 x 10 9 yea r s  does seem t o  be the f a v o r i t e  

estimate. Sentiment a s i d e ,  however, the a v a i l a b l e  d a t a  

e a s i l y  l ends  i t s e l f  t o  e s t i m a t e s  of marial ages which 

encompass a spread of a f a c t o r  of 30 o r  more (from t h e  
upper l i m i t  of 4.5 x 10 9 ), a s  can be seen from the  o t h e r  

d i v e r g e n t  e s t i m a t e s .  

The moon has been almost  a "dead world" f o r  the l a s t  

4.5 x I O 9  y e a r s ,  s o  t h a t  the  only  even t s  s i g n i f i c a n t l y  

modifying the s u r f a c e  have been m e t e o r i t i c  i n  n a t u r e .  

Recent thermal c a l c u l a t i o n s  (10) i n d i c a t e  t h a t  the 

moon mus t  be h o t  enough t o  promote igneous a c t i v i t y  a t  

moderate depths ,  un le s s  i t  i s  almost  t o t a l l y  devoid of 
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r a d i o a c t i v e  elements o r  t hese  elements are d i s t r i b u t e d  

i n  a very p e c u l i a r  way. T h i s  is n o t  c o n s i s t e n t  with a 

"dead world" concept .  I n  f a c t ,  there is  cons ide rab le  

photographic  evidence of c r u s t a l  f r a c t u r i n g ,  t i l t i n g ,  

slumping, and a t  least  p a r t i a l  i s o s t a t i c  adjustment ,  n o t  

t o  mention the probable,  p a s t  product ion of copious 

amounts of molten material which now cover the maria. 

Erosion rates c a l c u l a t e d  from meteo r i t e  data: 1) a r e  

reasonably  accu ra t e ;  

over  long  pe r iods  of time; 

2 )  lead t o  s u b s t a n t i a l  e ros ion  

and 3 )  a r e  a p p l i c a b l e  t o  the 

moon. 

The e s t i m a t e s  t abu la t ed  below probably def i ne  the 

upper and lower l i m i t s  c a l c u l a t e d  by r e spons ib l e  s c i e n t i s t s .  

Whipple (11)  - Calcula ted  an e r o s i o n  rate f o r  s tony  

m e t e o r i t e s  of 170 x/year (75  meters/4.5 x 109 years). 

The c a l c u l a t i o n  is based on the amounts of r a d i a t l o n -  

produced 38A and 39A i n  a number of s tony  m e t e o r i t e s .  

Whipple cons ide r s  t he  c a l c u l a t i o n  a c c u r a t e  t o  a 

f a c t o r  of 2, b u t  cau t ions  t h a t  because of a necessary  

s i m p l i f i c a t i o n ,  the c a l c u l a t i o n  g ives  the maximum 

p o s s i b l e  e ros ion  r a t e .  The a c t u a l  r a t e  may be con- 

s i d e r a b l e  smaller. 

by F i s h e r  (12)  a r e  lower by a f a c t o r  of 10. 

S i m i l a r  c a l c u l a t i o n s ,  using *INe, 
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II 

Opik (7)  - Estimates ''. . . a d u s t  l a y e r  of t h e  o r d e r  

of 20 meters could have been b a t t e r e d  ou t  of an 

exposed rock s u r f a c e  du r ing  the l i f e t i m e  of the  moon 

(assumed t o  be 4.5 x 10 9 y e a r s ) . "  The estimate is 

based on ' I . . .  t h e  c o n t e n t  of micrometeor i t ic  

material I n  i n t e r p l a n e t a r y  space ... and an  e ros ion  

ra te  a p p r o p r i a t e  t o  a v e l o c i t y  of impacting p a r t i c l e s  

of 5 KM/sec. No es t imated  e r r o r  i s  g iven .  

I t  

Orrok (pe r sona l  communication) - Calcu la t e s  an  e r o s i o n  

ra te  of 10 B/year (4 .5  meters/4.5 x 109 y e a r s )  f o r  

aluminum metal  i n  s p a c e ,  The c a l c u l a t i o n  is based on 

the l a t e s t  m e t e o r i t e  f l u x  d a t a  a v a i l a b l e  b u t  is 

considered t o  be no more a c c u r a t e  than p l u s  o r  minus 

an o r d e r  of magnitude. To be s t r i c t l y  comparable t o  

the Whipple and Opik estimates (both  of which a r e  

f o r  s i l i c a t e  m a t e r i a l ) ,  Orrok 's  estimate should be 

it 

raised somewhat. 

T t  should be appa ren t  tha t  there a r e  s u b s t a n t i a l  l i m i t s  

of e r r o r  involved i n  c a l c u l a t i o n s  of t h i s  s o r t .  Orrok ' s  

range of e q u a l l y  probable  va lues ,  f o r  example, i s  0.45 t o  

45.0 meters/4.5 x 10 9 y e a r s .  However, even more important 

than t h i s  is the f a c t  t ha t  none of the above va lues  may 

be a p p l i c a b l e  t o  the l u n a r  s u r f a c e ,  f o r  each is  based on 

the assumption t h a t  the eroded m a t e r i a l  is immediately 

removed from the  a t t a c k e d  s u r f a c e  and consequent ly  cannot 

impede subsequent e r o s i o n .  I n  the case  of the moon, therc 
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I s  good reason f o r  b e l i e v i n g  the  impact-produced d u s t  may 

have adhes ive  p r o p e r t i e s ,  s o  tha t  a t h i n  d u s t  l a y e r  could 

c l i n g  t o  even the steepest s l o p e s .  This would provide an 

e f f e c t i v e  b u f f e r  a g a i n s t  micrometeor i t ic  e ros ion ,  perhaps 

reducing  the e r o s i o n  ra te ,  as  compared t o  a cont inuously 

bare s u r f a c e ,  by as much as two o r d e r s  of magnitude. This  

concept  has been recognized and e l u c i d a t e d  by a number of 

people .  
tf 

Opik (l3), f o r  example, a f t e r  c a l c u l a t i n g  a n  
unhindered e r o s i o n  rate of 20 meters/4.5 x 10 9 years and 

then  cons ide r ing  the e f f ec t  of a t h i n  ubiqui tous  d u s t  layer, 

concludes ", . . such depth a c t u a l l y  cannot be a t t a i n e d  and 

the e r o s i o n  w i l l  remain pure ly  s u p e r f i c i a l  . . , The to . t a l  

mass of eroded d u s t  w i l l  be small, n o t  more than an  equ iva len t  

l a y e r  of 20-100 cm." 

c a l c u l a t e d  e r o s i o n  f o r  bare rock is  c o r r e c t ,  the a c t u a l  

e r o s i o n  on the l u n a r  s u r f a c e  may remain n e g l i g i b l e .  

Therefore ,  even i f  the upper l i m i t  of 

The a c c r e t i o n  of f i n e  meteor ic  material may a l s o  help 

smooth o u t  the maria1 topography. 

9 The accumulation of m e t e o r i t i c  d u s t  over  4.5 x 10 

y e a r s  could amount t o  a uniform layer over  the whole 

l u n a r  s u r f a c e ,  20-40 cm th i ck ,  i f  there were no o t h e r  

c o n s i d e r a t i o n s .  I n  f a c t ,  a small f r a c t i o n  of the material 

ejected by the c r a t e r i n g  process  w i l l  escape from the 

l u n a r  g r a v i t a t i o n a l  f i e l d .  But there i s  some evidence (14)  

t ha t  the escaping  mass may be greater than the mass of 
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t h e  i n c i d e n t  p a r t i c l e .  Thus, disregarding the  necessary  

assumption that  the maria are very  o ld ,  the a v a i l a b l e  

evidence i n d i c a t e s  tha t  there is probably no n e t  a c c r e t i o n  

due t o  mic rometeo r i t i c  i n f a l l .  

The rate of impact of larger m e t e o r i t i c  o b j e c t s  is  so 

small t ha t  the number of c r a t e r s  produced over  4.5 x lo9 
years per u n i t  a r e a  of s e l e c t e d  mar i a l  reg ions  is n o t  

a p p r e c i a b l e .  

If the e m p i r i c a l l y  determined curve r e p r e s e n t i n g  

cumulative frequency versus  size d i s t r i b u t i o n  of marial 

craters i s  e x t r a p o l a t e d  t o  the s i z e  range 1-100 meters, 

the r e s u l t i n g  c r a t e r  d e n s i t y  is essent ia l ly  n e g l i g i b l e  

(F igure  l).* 

such  a log- log  p l o t  remains l i n e a r  over an e x t r a p o l a t i o n  

of three o r d e r s  of magnitude. I n  f a c t ,  p l o t t i n g  the 

"fireballs" and observed meteorite f a l l s  on the same 

graph i n d i c a t e s  a non- l inear  t r e n d ,  so  that  it may be 

wiser t o  i n t e r p o l a t e  r a t h e r  than e x t r a p o l a t e .  I n  t h i s  

case, if one i s  i n t e r e s t e d  in 0.5 meter craters,  f o r  

example, it t u r n s  o u t  t ha t  a mean d e n s i t y  of one 0.5 

meter o r  l a r g e r  c r a t e r  every  two square  meters is pre- 

B u t  t h e r e  is no good reason for b e l i e v i n g  

d i c t e d  f o r  mar i a l  s u r f a c e s  i f  the  maria are 4.5 x 10 9 

y e a r s  o l d .  T h i s  i s  n o t  an  i n s i g n i f i c a n t  number. It 

could be a f a c t o r  of 10 h i g h e r  ( e s t ima ted  e r r o r ) .  

* For a complete d i s c u s s i o n  of the d e r i v a t i o n  of the curve-  
shown i n  F igure  I ,  see the  accompanying Ekllcomm r e p o r t  
by G.T. Orrok e n t i t l e d  "Meteoric I n f a l l  and L u n a r  S u r f a v  
Roughness ." 
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The i n t e r p o l a t e d  frequency is based on terrestr ia l  

i n f a l l  data, s o . i t  should be reduced by a f a c t o r  com- 

mensurate with the lesser g r a v i t a t i o n a l  a t t r a c t i o n  of 

t h e  moon ( l u n a r  impact f requency be ing  roughly 0.5 - 0.9 
times terrestr ia l  frequency,  depending upon the assumed 

m e t e o r i t e  v e l o c i t y ,  r e f e r e n c e  15) .  However, th i s  

r educ t ion  is a t  leas t  balanced by the f a c t s  t ha t  the 

in t roduced  s u r f a c e  roughness is n o t  confined t o  the area 

def ined  by the c r a t e r  diameter and the p r e d i c t e d  frequency 

i s  only f o r  primary impacts ( t h u s  secondary impacts w i l l  

i n c r e a s e  t h i s  f i g u r e  somewhat). 

It has been argued t h a t  i n c r e a s i n g  the prlmary f l u x  

does n o t  i n c r e a s e  the number of meter-s ized c r a t e r s  on 

the l u n a r  s u r f a c e ,  because the f l u x  of smaller m e t e o r i t e s  

w i l l  a l s o  i n c r e a s e  and s i n c e  the popula t ion  is h e a v i l y  

dominated by the mic rometeo r i t i c  s i z e s ,  the Increased  

e r o s i o n  w i l l  more than compensate f o r  the i n c r e a s e  of meter- 

s i z e d  craters by c u t t i n g  most of them down t o  the surrounding 

l e v e l .  Again, t h i s  argument is only  v a l i d  i f  the s u r f a c e  

being eroded is c o n t i n u a l l y  exposed. I f ,  in f a c t ,  the 

s u r f a c e  is buf fe red  (even on steep s l o p e s )  by a l a y e r  of 

p r e v i o u s l y  formed e j e c t a ,  then it can be shown t h a t  the 

e r o s i o n  is dominated by the  s i z e - c l a s s  of m e t e o r i t e s  which 

is  j u s t  numerous enough t o  completely cover the s u r f a c e  

with c r a t e r s .  For  the c r a t e r  d i s t r i b u t i o n  shown i n  F igure  1, 
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craters larger than 0.5 meters are  no t  s i g n i f i c a n t l y  

eroded by tha t  p a r t  of the f l u x  which is the dominant 
i 

* 
eroding fo rce  (forming 0.1 m c r a t e r s ) .  

Returning b r i e f l y  t o  the  quest ion of the  age of the 

maria, note  t ha t  the f i t  between marial c r a t e r i n g  f lux ,  

"f ireballs", and observed f a l l s  is rather in sens i t i ve  t o  

changes i n  the assumed age of the marl& ( I n  Figure 1, the 

dot-dash l i n e  is based on an assumed age of 2 x lo9 years ;  
t he  s o l i d  l i n e  is based on an assumed age of 4.5 x 10 9 y e a r s ) ,  

The foregoing ana lys i s  demonstrates tha t  none of the 

assumptions i m p l i c i t  i n  the "processes" argument for a 

smooth moon exhib i t  much v a l i d i t y .  Clearly then, i t  

must be impossible t o  conclude tha t  the surface roughness 

of selected marial regions i s  negl ig ib le ,  without add i t iona l  

evidence. 

3.0 THE ARGUMENT FOR ROUGH MARIA 

If the prevalent  i n t e r p r e t a t i o n  of the radar data is 

disregarded, i t  is poss ib le  t o  argue for the p robab i l i t y  

of dominantly rough t e r r a i n  i n  marial regions.  Such an 

argument would run as follows: Throughout the h i s t o r y  of 

* For a complete d iscuss ion  of the r e l a t i o n  between that  
c r a t e r i n g  which cont r ibu tes  t o  sur face  roughness and tha t  
c r a t e r i n g  which tends t o  remove surface roughness, see 
the  accompanying Bellcomm repor t  by G.T. Orrok e n t i t l e d  
"Meteoric I n f a l l  and Lunar Surface Roughness ." 



lunar observa t ion ,  improved ins t rumenta t ion  has always 

revealed a mul t i tude  of smaller and smaller-scale de ta i l s  

on what had p rev ious ly  appeared t o  be f e a t u r e l e s s  areas. 

It has been possible f o r  some time t o  j u s t  d i s c e r n  de t a i l s  

wi th  the telescope-eye combination, having minimum dimensions 

on the o r d e r  of 300-500 f e e t ,  Experienced observers  of 

the lunar s u r f a c e  are g e n e r a l l y  impressed with the d e n s i t y  

of these f e a t u r e s ,  even on l u n a r  maria. There is no good 

reason  t o  expec t  a sharp cut-off  f o r  these s u r f a c e  f e a t u r e s ,  

such that  below a c e r t a i n  s i z e ,  t h e i r  number i s  g r e a t l y  

diminished. I n  f ac t ,  a l l  ou r  obse rva t iona l  data t o  date t e l l s  

us t ha t  as the s i z e  decreases, the  number of such f e a t u r e s  

should inc rease  markedly. We should,  t h e r e f o r e ,  expec t  a 

cons ide rab le  d e n s i t y  of topographic  f e a t u r e s  having dimensions 

such that  the s u r f a c e  is extremely hazardous f o r  l and ing  

a manned v e h i c l e .  

A cons ide ra t ion  of the processes  involved i n  the 

formation and modi f ica t ion  of l u n a r  maria leads, s imilar ly ,  

t o  a p i c t u r e  of s u b s t a n t i a l  smal l - sca le  s u r f a c e  roughness. 

There are good reasons  f o r  b e l i e v i n g  the maria r e p r e s e n t  

v a s t  l a v a  f i e l d s ,  p r e s e n t l y  covered by a t h i n  l a y e r  of 

d u s t .  Although the occurrence,  on the earth, of reasonably 

smooth l a v a  f i e l d  s u r f a c e s  is n o t  uncommon, the lack of an 

atmosphere 4s conducive t o  the dominance of the rough 

s u r f a c e  type of f low on the moon. This  is s o  because the 

I 
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upper p o r t i o n s  of the molten m a t e r i a l  would be much 

more v i o l e n t l y  degassed i n  the h igh  vacuum l u n a r  environ- 

ment than i n  an  otherwise comparable t e r r e s t r i a l  environ- 

ment. The v i o l e n t  degassing n o t  on ly  resul ts  i n  a rough, 

jagged s u r f a c e  t e x t u r e ,  b u t  i n  t he  upper p o r t i o n  of the 

flow s o l i d i f y i n g  t o  a f r o t h y ,  incompetent m a t e r i a l  which 

may be easi ly  broken and p i l ed  up haphazardly by the s t i l l  

f lowing m a t e r i a l  underneath.  

It i s  n o t  p o s s i b l e  t o  determine the age of the marial 
9 rocks a t  present ,  b u t  even i f  they  were 4.5 x 10 years 

o l d ,  the smoothing e f f e c t  of micrometeori te  bombardment 

over  t h i s  per iod  has  been shown t o  be n e g l i g i b l e .  On the 

o t h e r  hand, i n t e r p o l a t i o n  of a v a i l a b l e  data bear ing  on the 

f lux  of l a r g e r  m e t e o r i t i c  o b j e c t s  i n d i c a t e s  that ,  over  

t h i s  per iod  of time, a minimum of 25% of the  s u r f a c e  has  

been pockmarked by c r a t e r s  2 0.5 meters i n  diameter  and 

covered with throw-out from the  c r a t e r i n g  process .  Thus 

t h e  processes  of formation and subsequent mod i f i ca t ion  

have r e s u l t e d  i n  s u b s t a n t i a l  smal l - sca le  roughness over  

a large p o r t i o n  - probably most .- of the  marial s u r f a c e s .  

The foregoing  argument is no more v a l i d  than the  smooth 

moon argument was shown t o  be.  
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The assessment of f e a t u r e s  which are on the  edge of 

discernment,  with the  te lescope-eye combination, is a 

h i g h l y  s u b j e c t i v e  matter. Furthermore, the s u b j e c t i v i t y  

is most probably b iased  toward a n  overes t imat ion  of t he  

d e n s i t y  (and r e l a t i v e  roughness)  of t hese  features. 

This  is a well-known phenomena encountered by micro- 

s c o p i s t s  when a t t empt ing  t o  estimate the percentages of 

small amounts of s t r i k i n g l y  d i f f e r e n t  material, which 

are s e t  i n  ma t r i ces  of more undis t inguished  material .  

I n  microscopy, t h i s  is circumvented by a c t u a l l y  counting 

a s t a t i s t i c a l l y  s i g n i f i c a n t  number of random p o i n t s .  

Unfor tuna te ly  t h i s  is n o t  poss ib l e  with the features under 

d i scuss ion  here --- t h e r e  is no p o s s i b i l i t y  of even a 

semi -quan t i t a t ive  estimate of t h e i r  d e n s i t y .  Thus while 

i t  may be t r y e  t h a t  smaller f e a t u r e s  are more numerous 

than those  seen,  it does n o t  n e c e s s a r i l y  fo l low tha t  these 

an apprec i ab le  po r t ion  of unseen f e a t u r e s  w i l l  

the s u r f a c e .  

cons k i t u t e  

The argument ba ed on form t i v e  processes ,  a l though 

v i v i d l y  detailed,  is as na ive  as the similar argument for 

a smooth moon i n  t ha t  it presupposes a knowledge of the 

maria1 o r i g i n s .  F u r t h e r ,  even if the assumption tha t  

the maria are covered with l ava  f lows is granted, the 

a d d i t i o n a l  assumption t h a t  such f lows have rough s u r f a c e s  

i s  s t i l l  unwarranted. The flow s u r f a c e  roughness is a 

f u n c t i o n  of the i n i t i a l  amount of contained gases (mainly 
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HZO), the  lava v i s c o s i t y  (which, i n  turn,  depends on 

composition and temperature), the  cooling r a t e  of the molten 

material, the r a p i d i t y  of the ex t rus ion  process ( s ince  a 

long, slow ascent  t o  the surface would allow most of the  

v o l a t i l e  cons t i t uen t s  t o  escape while the material. 

remained molten), the a c t u a l  r a t e  of flow a f t e r  extrusion,  

and the ra te  of' change of f low a f t e r  ex t rus ion .  It is  

extremely d i f f i c u l t  t o  a s ses s  these var iab les  f o r  t e r r e s t r i a l  

Lavas, much less lunar  flows. For example, t e r res t r ia l  

volcanics commonly contain approximately 1 w t .  $ ~ ~ 0 ,  

which is c lose  t o  the sa tu ra t ion  value a t  l iqu idus  temp- 

e ra tu re s  and confining pressures  of 1-2000 bars  (and a 

not  inconsiderable amount, by volume). 

no way of knowing whether t h i s  is primary magmatic water 

or whether i t  was picked up a s  the molten rock ascended 

through the water-rich, upper-crustal  materials (which 

would most probably be absent  on the moon), 

But there is  r e a l l y  

The argument based on subsequent modifying processes 

i s  again sub jec t  t o  the same c r i t i c i s m  leveled aga ins t  

the smooth moon argument. That is, t o  be va l id ,  t h i s  

argument must show t h a t  t he  b e s t  case which can be made 

f o r  erosion and the worst case whlch can be made f o r  

increased roughness due t o  l a r g e r  c ra t e r ing  events  s t i l l  

r e s u l t s  i n  the n e t  (and prefepably s u b s t a n t i a l )  generation 

of small-scale roughness, I n  f a c t ,  t h e  rough moon argument 

depends on the supposi t ion t h a t  a b u f f e r  l aye r  of previously 
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e j e c t e d  material b lankets  even the s t e e p e s t  s l o p e s .  

Although t h i s  is n o t  an  unreasonable assumption, it is by 

no means a proven f a c t ,  I f  the rubb le  c rea t ed  by impacting 

o b j e c t s  remains unconsol idated,  l u n a r  s lopes  w i l l  be more 

o r  less c o n t i n u a l l y  exposed and the e ros ion  by micro- 

meteorites w i l l  dominate the  moonscape. F i n a l l y ,  even 

i f  the b u f f e r  l a y e r  were p r e s e n t ,  the introduced roughness 

due t o  c r a t e r i n g  may s t i l l  be i n s i g n i f i c a n t  if the  ' 

c r a t e r i n g  f l u x  is down by a f a c t o r  of 10 ( the  estimated 

l i m i t  of e r r o r )  o r  i f  the maria are much younger than 4.5 

x 10 yea r s  o l d .  9 

4.0 SUMMARY AND CONCLUSIONS 

It cannot  be demonstrated tha t  e i t h e r  the smooth 

moon or the rough moon concept is wrong. It has been 

h e r e i n  shown, however, tha t  both  the  argument  f o r  a 

smooth s u r f a c e  and the argument f o r  a rough s u r f a c e  are 

u t t e r l y  incapable  of r i g i d l y  demonstrat ing tha t  e i t h e r  

concept is r i g h t .  F u r t h e r ,  any argument f o r  a n  i n t e r -  

mediate s u r f a c e  s u f f e r s  from the same shortcoming. This  

is so  because of the u n c e r t a i n t i e s  i n  the data on which 

they  are based, the u n c e r t a i n t i e s  i n  the  data i n t e r p r e t a t i o n ,  

and the unavoidable s i m p l i f i c a t i o n s  and assumptions necessary  

f o r  the  c a l c u l a t i o n s  ( s e e ,  f o r  example, the s i m p l i f i c a t i o n s  

and assumptions i n  the  accompanying Bellcomm r e p o r t  by 

G.T. Orrok.). The answer t h a t  one gets  is h igh ly  sensd t ive  
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t o  t h e s e  u n c e r t a i n t i e s  and s i m p l i f  i c a t l o n s ,  i .e .  o r d e r  of' 

magnitude e s t i m a t e s  and c a l c u l a t i o n s  w i l l  n o t  do, except  

t o  s e t  upper and lower l i m i t s  on what might a c t u a l l y  be 

encountered ,  

Up t o  t h i s  p o i n t ,  no a t t empt  has  been made t o  a s s e s s  

the r e l a t i v e  m e r i t s  of the smooth s u r f a c e  and the rough 

s u r f a c e  arguments,  It would be remiss ,  however, n o t  t o  

p o i n t  ou t  t h a t  a t  l e a s t  as f avorab le  a case  can be made 

f o r  a rough s u r f a c e  a s  f o r  a smooth s u r f a c e ,  Under these 

circumstances i t  would seem wise t o  be a s  conserva t ive  

as is f e a s i b l e  i n  the  des ign  of v e h i c l e s  f o r  landing  and 

o p e r a t i n g  on the l u n a r  s u r f a c e .  

To circumvent such conservatism, i t  is appea l ing  

t o  p o s t u l a t e  a heterogeneous s u r f a c e ,  vary ing  from very 

rough t o  very  smooth. T h i s ,  i t  i s  argued, e l i m i n a t e s  the 

n e c e s s i t y  of worrying about  l and ing  i n  rough a r e a s .  It 

I s ,  however, rep laced  by the n e c e s s i t y  of f i n d i n g  a 

s u i t a b l y  smooth a r e a  which i s  otherwise accep tab le  for 

l and ing .  While t h e r e  i s  no doubt t h a t  t he  l u n a r  s u r f a c e  

is heterogeneous wi th  r e s p e c t  t o  sma l l - sca l e  topography, 

t h i s  f a c t  a lone  i s  n o t  s u f f i c i e n t  information upon which 

t o  base des ign  concepts .  The admission of h e t e r o g e n e i t y  

does n o t  guarantee  t h a t  s i g n i f i c a n t  p a r t s  of s e l e c t e d  

l u n a r  a r e a s  a r e  smooth, o r ,  in f a c t ,  t h a t  any p a r t  of t h e  

l u n a r  s u r f a c e  i s  accep tab ly  smooth. Thus, un less  i t  can 
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be unequivocally shown t h a t  the search mode-hover 8 tage 

combination can p u t  a LEM down s a f e l y  i n  an a rea  o r  a reas  

which may c o n s t i t u t e  only  a small f r a c t i o n  of the e n t i r e  

marial  sur face ,  it would appear Imperative t o  base 

des ign  concepts on a lunar  model character ized by sub- 

s t a n t i a l  small-scale surface roughness. 
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